The structural and electrical properties of epitaxial Pb͑Zr 0.2 Ti 0.8 ͒O 3 thin films grown on 2 in. ͑001͒ silicon wafers were investigated. Using x-ray diffraction, the lattice behavior of the heterostructure has been studied as a function of temperature, suggesting a 250°C increase of the Pb͑Zr 0.2 Ti 0.8 ͒O 3 ferroelectric-paraelectric transition temperature with respect to the bulk value. This significant enhancement of the critical temperature is understood in terms of a two-dimensional clamping effect.
The push toward size and voltage downscaling has been driving a large effort aiming at the integration of functional materials into silicon technology. From this perspective, epitaxial thin films are of particular interest due to their characteristics and performances. 1, 2 For ferroelectric/ piezoelectric materials, examples of applications that will benefit from this achievement are ferroelectric random access memories, surface acoustic wave devices, and piezoelectric-driven microelectromechanical systems ͑piezo-MEMS͒.
The epitaxial growth of ferroelectric oxides on silicon is, however, challenging due to the difference in chemical bondings, lattice parameters, and thermal expansion coefficients. These issues, together with the problems related to the thermodynamic instability and chemical reactivity of the metaloxygen-silicon system, limit the choice of oxides that can be epitaxially grown on silicon while avoiding the formation of an amorphous SiO 2 layer. A possible way to achieve epitaxial oxides on silicon is to use buffer layers, acting as structural templates. 3, 4 Among them, SrTiO 3 ͑STO͒ is the most studied oxide since it can be grown with a very high degree of crystallinity. 5 The choice of STO determines the lattice mismatch and the strain state of the resulting heterostructure. For ferroelectric materials, it is well known that the mechanical boundary conditions may affect substantially the ferroelectric properties because of the strong strain-polarization coupling often found in these compounds. [6] [7] [8] [9] [10] [11] In this letter, we address the role of epitaxy on the ferroelectric and structural properties of Pb͑Zr 0.2 Ti 0.8 ͒O 3 ͑PZT͒ thin films grown on STO-buffered silicon wafers. In particular, using temperature-dependent x-ray diffraction ͑XRD͒, we study the lattice evolution of the PZT thin films. The results are analyzed using theoretical predictions of the effect of a two-dimensional clamping. 12 The investigated epitaxial heterostructure is composed of a ferroelectric PZT layer grown on top of a metallic SrRuO 3 ͑SRO͒ film used as a bottom electrode. This bilayer is deposited onto a thin STO film epitaxially grown on a 2 in. ͑001͒ silicon wafer. Such STO layer, besides being a good lattice template for SRO and PZT, also provides a barrier for Pb diffusion into the silicon wafer. [13] [14] [15] Typical thicknesses of the final stack are PZT͑100 nm͒/SRO͑30 nm͒/STO͑6 nm͒/Si. The growth of epitaxial STO films on silicon wafers is performed using molecular beam epitaxy through a complex multistep procedure monitored in situ using reflection high energy electron diffraction. 4, 5, 16, 17 Successively, the epitaxial SRO layer is grown by off-axis magnetron sputtering in 130 mTorr of an oxygen/argon mixture at a substrate temperature of 500°C. Finally, with the same technique, a PZT thin film is deposited at a growth temperature of 450°C in a working pressure of 200 mTorr.
The out-of-plane orientation and the cube-on-cube arrangement of the oxide stack on silicon are verified through -2 and -scan diffractograms, performed with a highresolution PANalytical X'Pert diffractometer, equipped with a four-bounce asymmetric Ge͑220͒ monochromator for Cu K␣ 1 radiation. Using the pseudocubic notation for SRO, the measurements confirm the following crystallographic relations: PZT͓001͔//SRO͓001͔//STO͓001͔//Si͓001͔ and PZT͓100͔//SRO͓100͔//STO͓100͔//Si͓110͔, as shown in To quantify the amount of epitaxial strain present in our heterostructure, we measured the in-plane lattice parameters of each layer. At room temperature, bulk STO ͑cubic, 3.905 Å͒ has a lattice mismatch on silicon ͑cubic, 5.43 Å / ͱ 2 = 3.84 Å͒ of Ϫ1.7%. However, structural characterizations by x-ray diffraction and transmission electron microscopy ͑TEM͒ reveal a fully relaxed STO layer. In the case of SRO ͑in the pseudocubic structure a = 3.93 Å͒, a fully coherent layer would have a lattice mismatch on STO of Ϫ0.6%. Instead, for the considered thickness, we observe a partially relaxed SRO layer with a = 3.918 Å. For a c-axis oriented PZT ͑tetragonal, a = 3.952 Å and c = 4.148 Å͒ on SRO, the in-plane lattice mismatch is expected to be Ϫ0.5%. The lattice parameters calculated from the ͑00l͒ and ͑101͒ PZT Bragg diffraction peaks indicate values of a = 3.965 Å and c = 4.146 Å. Reciprocal space maps around PZT͑Ϫ103͒ and SRO͑Ϫ103͒ reflections confirm the relaxation of the PZT thin film on the SRO layer.
TEM characterization ͓Fig. 2͑a͔͒, performed on a JEOL JEM2010 microscope, reveals the presence of a thin SiO 2 amorphous layer of about 4.5 nm at the interface between silicon and the oxide multilayer. This layer does not affect the well ordered PZT/SRO/STO structure, as revealed by high-resolution TEM ͑HRTEM͒ image shown in the inset of Fig. 2͑a͒ . The formation of this SiO 2 layer occurs after the growth of the STO/Si interface template through oxygen diffusion, thus not hindering the epitaxy. [18] [19] [20] As shown in Fig. 2͑b͒ , polarization-voltage loops, performed at room temperature with a tester TF analyzer 2000 on 100ϫ 100 m 2 Cr/Au top electrodes, reveal a remanent polarization and a coercive field of about 70 C cm −2 and 250 kV cm −1 , respectively. In order to probe the structural phase transition of the ferroelectric PZT film, the evolution of the lattice parameters in temperature has been determined by XRD measurements between 30 and 800°C. As shown in Fig. 3͑a͒ , a linear expansion of the in-plane lattice parameter is observed for PZT, SRO, and Si. From their lattice parameter versus temperature slope, we evaluate the thermal expansion coefficients ␣ PZT = 1.1ϫ 10 −5°C−1 , ␣ SRO = 1.2ϫ 10 −5°C−1 , and ␣ Si =4ϫ 10 −6°C−1 . These values are in good agreement with literature data 21, 22 and indicate a mechanical decoupling between the PZT/SRO layers and the silicon substrate. The amorphous SiO 2 layer ͑␣ SiO 2 =5ϫ 10 −7°C−1 ͒, observed by TEM at the interface between the oxide stack and the silicon substrate, might be at the origin of this decoupling, accommodating the different expansions of the two lattices. 23 Increasing the temperature, the PZT c-axis decreases up to ϳ710°C, and then becomes T independent up to ϳ810°C, the limit of our measurement. The corresponding evolution in temperature of the PZT tetragonality is shown in Fig. 3͑b͒ . The behaviors of the a-and c-axes for bulk PZT are also shown in Fig. 3͑a͒ as a reference. The reversibility of the lattice thermal behavior has been checked by performing heating-cooling cycles. For our experimental set-up ͑an-nealing in air͒, the room temperature lattice parameters were fully recovered for temperature cycles up to 700°C. Above this temperature, the crystal quality estimated from the diffracted intensity is progressively affected by the annealing process. 24 These measurements strongly suggest that the structural change, associated with the ferroelectric-paraelectric phase transition, 7, 8 occurs at or above 700°C, which is 250°C higher than in the bulk. We also note that the system remains tetragonal above the transition temperature, as already reported for other ferroelectric thin films. 10, 11 This observation, together with the measured increase of the critical temperature, can be explained as the result of the unit cell clamping between the PZT film and the other crystalline oxide layers. 
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in-plane constraint of the substrate induces a strain which modifies the Gibbs energy of the ferroelectric film and leads to a change in the paraelectric-ferroelectric phase transition temperature T c and the ferroelectric polarization. Such strain, which takes into account the two-dimensional mechanical clamping, is defined as misfit strain S m ͑T͒ and can be calculated as
where a o is the equivalent cubic cell parameter of the freestanding film, a f is the effective substrate parameter, 25 both calculated at the growth temperature T g , and ␣ s and ␣ o are the thermal expansion coefficients of the substrate and of the bulk compound, respectively. The first term represents the strain arising at the growth temperature, while the second term takes into account the stress occurring during the cooling due to the thermal expansion mismatch between the film and the substrate.
In the case of oxides grown on silicon, this last term is expected to be significant. However, as revealed by the thermal expansion coefficients experimentally determined for this structure, the oxide stack expands independently from the silicon substrate. As a consequence, the relevant misfit strain will only be given by the first term in Eq. ͑1͒, which leads to S m = −7.5ϫ 10 −3 . According to the phase diagram calculated by Pertsev 12 for Pb͑Zr 0.2 Ti 0.8 ͒O 3 thin films, such a misfit strain increases T c to a value of about 660°C, a value relatively close to the experimentally measured one.
Through the strain/polarization coupling expressed by the equation ͑T Ͻ T c ͒ ͑Refs. 26 and 27͒
it is possible to estimate the temperature evolution of the remanent polarization. A rough estimation of the polarization at 300°C yields values of several tens of C cm −2 . Such large values suggest that epitaxial PZT thin films on silicon could be suitable for high temperature applications.
In conclusion, the effect of the mechanical boundary conditions on the properties of high quality epitaxial PZT/ SRO/STO heterostructures on silicon has been investigated. Temperature-dependent XRD measurements show a change in the slope of the PZT tetragonality at around 700°C, an increase of about 250°C with respect to the bulk, in agreement with theoretical predictions for two-dimensional clamping. Our measurements also reveal excellent ferroelectric properties at room temperature with a remanent polarization value of 70 C cm −2 . These results confirm the potential of a fully epitaxial approach for oxide growth on silicon for the fabrication of novel piezoelectric/ferroelectric devices. 28, 29 In particular, the possibility to obtain high quality epitaxial PZT films exhibiting a transition temperature much higher than the bulk can be an advantage in terms of thermal budget for device microfabrication processing and operation.
